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Abstract 
Multilayered thin films from various soft magnetic materials were successfully prepared by magnetron 
sputtering in Ar atmosphere. The magnetic properties and microstructure were investigated. It is found 
that the films show good soft magnetic properties: magnetic coercivity of 1-10Oe and saturation 
magnetization higher than 1T. The initial permeability of the films is greater than 300 and flattens up 
to 600MHz. The multilayer thin film properties in combination with their easy, fast and reproducible 
fabrication indicate that they are potential candidates for high frequency applications. 
 
Keywords: Metglas, Permalloy, multilayered thin films, high-frequency applications. 
1 Introduction 
The recent surge in demand for miniaturization of power transformers and inductors requires 
magnetic core materials with low energy loss, high flux density, high permeability and high operating 
frequency. Among the commercial products, the working frequency of amorphous magnetic materials 
and NiZn ferrite can be as high as 10MHz. Furthermore, recent developments in magnetic materials 
such as CoZrO granular films, polymer bonded materials and CoNiFe alloy thin films, have been 
evaluated for the next generation integrated devices for high frequency applications [1]. Although 
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there is an intensive activity in this area, it is still difficult to develop a high-power, high-frequency 
converter that uses inductors or transformers with integrated magnetic cores, particularly due to the 
lack of availability of high performance integratable high frequency magnetic materials [2]. 
 
In this work, several commercial amorphous materials (Metglas® 2605HB1M, Permalloy alloys, 
and Co/Zr alloy) with well known high flux density and low loss properties at lower frequencies are 
used to produce multilayered thin films by sputtering with very promising properties at higher 
frequencies.  
2 Sputtering procedure 
Multilayered films were prepared using an Edwards 2-inch magnetron sputtering system, with a 
base pressure of 4x10-7Torr.  Films were prepared using the following materials: Permalloy79 (79% 
Ni/16% Fe/5% Mo), Permalloy81 (81% Ni/17% Fe/2% Mo), and Co/Zr amorphous alloy (85% 
Co/15% Zr). In the case of Metglas® 2605HB1M (or in short HB1), a composite 2-inch diameter 
target made from amorphous ribbon was used (simply a stack of several round thin discs of 50 mm 
diameter cut out from the amorphous ribbon reel). 
All the depositions were performed on SiO2 substrates at 4mTorr Ar pressure. A 50nm Cr buffer 
was deposited on the substrate, in order to increase the adhesion of the magnetic layer. Aluminum 
oxide was used as an insulator. The DC power on the magnetic targets was 40 W, while the Al2O3 
layer was deposited using 50 W of RF power.  
HB1 was also used as a test material: several samples were produced, in order to evaluate the 
performance of the sputtering procedure and the uniformity of the produced films. After completing 
the evaluation, another batch of samples was produced from all materials, in order to study the effects 
of thickness, magnetic/insulator ratio, and other extrinsic parameters on the properties of the film. A 
description of the second batch of the manufactured samples is shown on Table 1. 
 
Sample Description 
MAT-6 Trilayered, 250nm MAT /50nm Al2O3/250nm MAT 
MAT-7 Multilayered, [100nm MAT /50nm Al2O3]x4 + 100nm MAT 
MAT -8 Multilayered, [100nm MAT /10nm Al2O3]x4 + 100nm MAT 
MAT -9 Multilayered, [100nm MAT /5nm Al2O3]x4 + 100nm MAT 
MAT -10 Multilayered, [50nm MAT /5nm Al2O3]x4 + 50nm MAT  
Table 1: Description of produced thin films. [MAT] stands for the different materials. 
3 Experimental results 
3.1 Structural analysis 
X-ray diffraction patterns were obtained with a Rigaku Ultima+ diffractometer, using CuKa 
radiation. Figure 1 shows the spectra for all manufactured films. All samples exhibit an amorphous 
behavior, with no peaks indicating any crystalline traces.  
In Permalloy films, the material’s peak is labeled as Ni3Fe, but there are no other peaks related to 
that particular structure, and the corresponding peaks of both Ni and Fe are in the range of 0.2 degrees. 
Taking into account the width of the peak, it is a valid conclusion that this peak does not indicate 
crystalline behavior. 
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Figure 1: XRD measurements of all materials used in this work (top-left HB1, top-right Permalloy79, 
bottom-left Co/Zr, bottom-right Permalloy81) 
 
3.2 Scanning Electron Microscopy / Transmission Electron Microscopy 
On the top-left of figure 2, a cross-sectional TEM picture of an HB1 sample is shown. The films 
appear to be homogeneous, with clear borders. From this picture, we were able to correct the 
deposition rate, in order to create films with thickness close to the nominal. 
The other three images show SEM pictures of Permalloy and Co/Zr samples. All the samples 
exhibit excellent homogeneity without cracks or other features that would indicate misalignment of 
defects. Also, the EDXS analysis revealed a homogeneous chemical composition of the sample with a 
maximum deviation of 2% from the composition of the corresponding sputtering target, which would 
strengthen the argument concerning the amorphous nature of the samples. The results from the EDXS 
analysis are presented in Table 2. HB1 is not presented, because boron is not detected in EDXS 
analysis skewing the results, but the Fe/Si ratio measured (12.5/1) corresponds to the nominal 
composition. 
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Figure 2: SEM/TEM pictures of all materials used in this work (top-left HB1, top-right Permalloy79, 
bottom-left Co/Zr, bottom-right Permalloy81) 
 
  Perm 81   
Perm 
79   CoZr 
Spectrum  Mean Std. deviation Mean 
Std. 
deviation Mean 
Std. 
deviation 
Fe 15.19  0.48  15.00  0.50      
Ni 83.12  1.00  79.98  0.48      
Mo 1.70  0.84  5.03  0.36      
Co         86.56  0.33  
Zr         13.44  0.33  
Total 100.0   100.0   100.0   
Table 2: EDXS results of Permalloy and Co/Zr films in this work 
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3.3 AC magnetic measurements 
 
Figure 3: Hysteresis loops of all materials used in this work (top-left HB1, top-right Permalloy79, 
bottom-left Co/Zr, bottom-right Permalloy81) 
AC hysteresis loops measurements were performed using a B-H Loop Tracer at 50Hz [4]. Figure 3 
shows the hysteresis loops of the manufactured films. Table 3 summarizes the results for comparisons.  
 
Sample Js (T) Hc (Oe) 
HB1 1,65 1,1 
Permalloy79 0,8 0,5 
Permalloy81 0,7 0,37 
Co/Zr 0,99 11,85 
Table 3: Main magnetic properties of manufactured films 
The best results are derived from the HB1 sample, which possesses low coercivity, along with high 
saturation magnetization. The Permalloy samples have even lower coercivity, but their saturation 
magnetization does not exceed that of the bulk material, while the Co/Zr sample has a relatively high 
coercivity, which leads to higher AC magnetic losses. This is probably due to the presence of a 
secondary magnetic phase, evident in the hysteresis loop. 
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3.4 High frequency permeability measurements 
 
Figure 4: Permeability vs frequency of all materials used in this work (top-left HB1, top-right 
Permalloy79, bottom-left Co/Zr, bottom-right Permalloy81)  
 
High-frequency complex permeability measurements up to 9 GHz were performed on the second 
batch samples in a PMM-9G1 permeameter from Ryowa Electronics, with a bias field of 10Oe. Figure 
4 shows the real and imaginary parts of complex permeability as a function of frequency. 
 The results show some correlation between samples: all samples retain their permeability up to 
600MHz, and their μ’’ shows a consistent behavior. The HB1 sample shows the best behavior so far, 
having a constant μ’ greater than 800, up to 900MHz, with relatively low initial μ’’. Both Permalloy 
samples have μ’ greater than 800, but their μ’’ is also large, and the cutoff frequency is low 
(<600MHz).  The Co/Zr sample shows a similar behavior to HB1, with higher initial μ’’ and the same 
performance vs frequency, but a significantly lower μ’ (≈300). 
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4 Discussion 
 
Figure 5: Frequency dependence of the real part of permeability for different magnetic materials 
 
Figure 5 shows the frequency dependence of initial permeability for different magnetic materials, 
where it is clear that the emerging materials developed by ongoing research show constant 
permeability at much higher frequencies than the conventional materials do. There are several 
magnetic materials that show constant permeability up to more than 20MHz, such as CoZrO granular 
film, NiZn ferrite 4F1 from Ferroxcube, and Fe/SiO2 composite materials. Granular film materials 
(CoFeZrO and CoZrO) have a working frequency range in the order of GHz, very high initial 
permeability and high saturation magnetization, but they also present higher coercivity values than the 
other emerging materials, which leads to higher power losses in most applications. Fe/SiO2 and 
CoNiFe materials have significant advantages when used up to 10-20MHz.  
The multilayered HB1-type material exhibits moderate to high initial permeability with a working 
frequency range that extends up to 900MHz. The multilayered Permalloy films also exhibit excellent 
permeability, but their working frequency is about 200MHz. Multilayered Co/Zr films have a great 
working frequency, but lower permeability that the others and also relatively high coercive field.  
Table 4 summarizes the magnetic properties of the emerging materials mentioned above, and the 
magnetic properties of the films developed in this work. 
. 
Material Hc (Oe) Js (T) μ′ Working Frequency (MHz) 
HB1 1,65 1,1 >800 >600 
Permalloy-79  0,8 0,5 >800 >100 
Permalloy-81 0,7 0,37 >1000 >200 
Co/Zr amorphous 0,99 11,85 >400 >600 
FeCoZrO [5] 10 2,3 400 1000 
100
1000
200
2000
Permeability
f [Hz]
1M 10M 100M 1G
Iron powder – Ferroxcube 2P50 NiZn – 4F1 
MnZn – 3F51
Granular film - CoZrO
Fe/SiO2 composite
Electroplated CoNiFe Multilayered film - FeBSi
600M
Emerging material
Conventional material
Multilayered films
500
Multilayered film – Perm79
Multilayered film – Perm81
Multilayered film - CoZr
Soft magnetic multilayered thin ﬁlms for HF applications G. Loizos et al.
1102
  
CoZrO [6] 3 0,9 80 1000 
Fe/SiO2 [7] N/A 1,82 70 20 
CoNiFe [8] 0,2 1,9 600 10 
Table 4: Comparison of this work with other emerging materials 
5 Conclusions 
 
Multilayer thin films were fabricated on SiO2 substrates by magnetron sputtering. The films’ 
microstructure has been investigated using SEM, TEM and XRD measurements. The multilayered 
films show the following soft magnetic properties: low Hc of 1-10Oe; Js of 0.7-1.65T; initial 
permeability greater than 300 in all samples, which remains constant up to nearly 900MHz in the best 
case. The very good soft magnetic properties of the multilayer films are associated with the 
reproducibility of the original amorphous material by sputtering and the multilayer concept itself. Our 
multilayer thin film properties in combination with their easy, fast and reproducible fabrication 
indicate that they are suitable for possible applications as materials used under high frequency in the 
megahertz range for integrated inductive components. 
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